Supercritical water oxidation (SCWO) is an advanced process mainly employed for the treatment of hazardous stable wastes, otherwise treatable by incineration. It is based on the unique properties of water above its critical point (T c = 675 K, P c = 22.2 MPa), making it a superior reaction medium for the destruction of all organics in the presence of oxygen. This work presents preliminary laboratory scale studies on SCWO of nitrogen (N)-containing hazardous hydrocarbons, with a view to enhancing the process performance, using available reagents and non-complex reactor design. This article investigates the destruction of dimethylformamide (DMF), carried out in a continuous (plug flow) reactor system. SCWO of DMF was enhanced by (i) a split-oxidant system, where stoichiometric oxidant was divided between two inlet ports at various ratios and (ii) the addition of isopropyl alcohol (IPA) as a co-fuel, premixed with the feedstock. Testing a range of temperatures, initial DMF concentrations, oxidant ratios, IPA ratios and oxidant split ratios, selected results were presented in terms of % total organic carbon and % N removal. Reaction kinetics were studied and showed a dramatic decrease in the activation energy upon adding IPA. Split-oxidant-feeding enhancement depended on the split ratio and secondary feed position.
Introduction
Hazardous waste comes from a diverse range of sources, is mostly chemically stable, cannot be recycled, thus it is subject to disposal. According to Defra Variations of selected thermo-physical properties of water near critical point [7] . (Online version in colour.)
of Environment, Food & Rural Affairs, UK) [1] , waste management hierarchy in the UK places disposal at the bottom, below prevention and recycle. Defra reported that nearly 7.5 million tonnes in the UK were dumped as landfill in 2013/2014, and over 8 million tonnes of hazardous waste were treated by incineration. Though incineration is currently prevalent for hazardous waste treatment, it is facing global concerns among environmental organizations worldwide. Flue gas from incinerators contains noxious emissions while solid residues namely bottom ash are major contributors to landfill problems. In addition, incineration is energy intensive and inefficient if the waste concentration is below 40% (by weight), which is typical of wastewaters. Nitrogen (N) containing hydrocarbons constitute a class of hazardous wastewaters broadly found in industrial and municipal wastes, yet compared to other hydrocarbons they have received limited attention in the literature. A number of authors have studied ammonia oxidation obtaining contradicting results [2] [3] [4] . Al-Duri et al. [5] studied supercritical water oxidation (SCWO) of 1,8-diazobicyclo [5.4 .0]undec-7-ene, finding that ammonia was the most recalcitrant compound in the product stream.
Dimethylformamide (DMF) is an organic compound with the formula (CH 3 ) 2 NC(O)H. DMF is a common solvent for chemical reactions such as the production of acrylic fibres and plastics; peptide coupling for pharmaceuticals; the development and production of pesticides; the manufacture of adhesives, synthetic leathers, fibres, films and surface coatings. Though not classified as a human carcinogen, DMF is thought to cause birth defects and is not naturally disposed of by the human body. Reactions in DMF as a solvent are somewhat hazardous; exothermic decompositions have been reported at temperatures as low as 26 • C [6] .
SCWO takes advantage of the thermodynamic behaviour of water above its critical point (T c = 675 K, P c = 22.2 MPa), when its hydrogen bonds are significantly weakened, and its density, thermal conductivity and dielectric constant all dramatically drop, rendering SCW to be nonpolar and completely miscible with all organic compounds and gases [7] , as shown in figure 1 . SCW thus becomes an ideal reaction medium for oxidation of hydrocarbons in a one-phase system because of elevated heat transfer properties and minimal diffusion limitations. SCWO is a rapid reaction, with organics conversion rates of over 99% total organic carbon (TOC) reduction in a matter of seconds to minutes, mineralizing chemically stable organic wastes into benign compounds such as CO 2 As encouraging as this might be, SCWO technology's market penetration remains relatively limited, due to challenging issues such as plugging and corrosion, initiated by design 'flaws'. In the past two decades, much of these challenges have been addressed [8] bringing SCWO to the forefront again; nonetheless various engineering and economic issues call for further fundamental research.
This work investigates the laboratory scale SCWO of DMF, as a hazardous N-containing compound, existent in industrial effluents. Experimental and kinetic investigations have been carried out.
Experimental (a) Apparatus
Figure 2a is a schematic diagram of the apparatus. Hydrogen peroxide oxidant and DMF stream(s) were separately pumped using Jasco PU-980 HPLC pumps; preheated in 6 m of coiled 1/16 pipes, before mixing at the reactor entrance. The reactor is made of 1/16 SS316 pipe of 12 m length, 0.6 mm inner diameter and 3.07 ml volume, coiled and situated (with the preheaters) in an oven, where input and output temperatures were monitored by thermocouples. In the experiments where isopropyl alcohol (IPA) is used, it is premixed with the organic (DMF) in specified proportions (table 1) . The oxidant (hydrogen peroxide) is fed by two entrances namely E1 and E2. E1 is kept at the reactor entrance, while E2 was changed to 3, 6 and 9 m along the reactor length, according to the configurations shown in figure 2b. The reactor exit was cooled in a heat exchanger, de-pressurized via a 66-PR GO back pressure regulator before the two phases were separated in a gas/liquid separator. Figure 2b shows the three oxidant-feeding scenarios used in this study.
(b) Oxidant-feeding systems

(c) Experimental range
For experimental conditions, see table 1.
Results and discussion (a) Supercritical water oxidation with split-oxidant injection
This part investigates the influence of gradual feeding of oxidant, in terms of the %TOC conversion and N speciation. Earlier work [9, 10] showed that when a stoichiometric amount of oxidant (SR = 1) was divided over two entry points in a 3.3 m tubular reactor, higher %DMF conversion was obtained for the same operating conditions. In this work, 25 experiments were conducted using five split ratios for each system using 10 mM DMF at 673 K. Figure 3 shows the results for systems II and III. Under identical operating conditions, both systems showed that %TOC removal was remarkably enhanced compared to single oxidant entry, while system I did not show significant difference. This could be attributed to the short distance between lines (1) and (2) in system I. However, different oxidant distribution also affects the reaction pathway and the intermediates produced, subject to the oxidant ratio.
As for N speciation, figure 4 shows N speciation as a function of the oxidant split ratio at t = 6 s for systems II and III. For system II, results show a tendency to produce less liquid N in favour of more N 2 gas and NH + 4 , while in system III the picture is not as clear. At that point in time (t = 6 s), the system was 'starved' of oxidant and various intermediate species (other than those detected) were formed, giving a rather misleading outcome. It can thus be deduced that splitting the oxidant over more than one feeding point is beneficial for the process, as long as (i) Effect of isopropyl alcohol/dimethylformamide ratio Figure 5a shows the influence of adding IPA at IPA/DMF ratios of 0, 0.5, 1 and 2. It clearly shows that for the same operating conditions of 673 K, 1SR oxidant using 10 mM DMF, %TOC removal has improved by 10%, 13% and 18% at time t = 6 s upon IPA addition. Co-oxidation of IPA has certainly enhanced the removal of DMF, represented by %TOC conversion. In terms of total N removal and % ammonia yield, figure 5b shows a 25% increase in N removal, and % ammonia yield decreased by about 32%. Reaction of alcohol with oxygen in water results in the formation of the OH• and HO 2 • free radicals [13] . These radicals are unstable intermediates that react with the fuel much faster than water or oxygen, accelerating in this way the disappearance of the alcohol. The presence of a fuel [3] improves ammonia oxidation through the formation of OH• radical due the presence of the fuel. Only small concentrations of fuel are required to enhance the ammonia oxidation with these radicals because they are produced in higher concentrations than required to oxidize the fuel. On larger scale systems, energy release effects would be much more prominent as the systems would be adiabatic and alcohol concentration would be higher.
(
ii) Effect of oxidant ratio (nSR)
The oxidant ratio has a direct influence on the organics and N consumption; the residence time; and the heat generation (though the latter is irrelevant in the current isothermal system). This section presents the effect of varying the oxidant ratio on TOC removal and N speciation. Figure 6 shows the effect of varying SR from 20% deficient (0.8SR) to 100% excess (2SR) for SCWO of 10 mM DMF in IPA at 1.0 IPA/DMF ratio, and 673 K. Results in figure 6a show that %TOC removal continues to increase with increasing nSR, while in IPA-free systems of oxidant even when 2SR is used in alcohol-free systems, it has been established that beyond 10% excess oxidant would be wasteful. Figure 6b shows that indeed %N removal also steadily increases with oxidant increase. This is due to the vital role of oxidant in the production of the OH• and HO 2 • radicals, aided by the presence of IPA, to oxidize the intermediates, including ammonia. It is important to remember here that a relatively low temperature of 673 K was used, in order to avoid the inevitability of high temperatures obscuring the effect of oxidant ratio.
(iii) Effect of initial dimethylformamide concentration: kinetics analysis Figure 7 shows %TOC, %N removal and % ammonia yield as function of initial DMF concentration for the SCWO of DMF at 673 K, 1SR and 1 IPA/DMF ratio. removal increased exponentially with initial DMF concentration while ammonia yield increased to a lower extent, in favour of production of N 2 and N 2 O. Quantitative description of results was obtained by kinetic analysis. Two approaches were followed namely the pseudo-first-order approximation in order to evaluate the reaction rate constant k, and the integral rate approximation to evaluate the reaction order with respect to the organics and oxidant concentrations. Organics concentration was expressed in terms of TOC. The global rate expression is given by equation (3.1). Equation (3.2) gives the reaction rate constant as a function of temperature, while equation (3.3) expresses k as function of time, at various initial oxidant concentrations:
As the system is aqueous, c in equation ( The integral method approximation requires the effect of oxygen concentration as shown in figure 9a,b. The resulting rate expressions are given by equations (3.4) and (3.5) for both IPA and IPA-free systems, respectively: It is clear from these results that IPA reduces the activation energy by at least 50%, due to formation of excess OH• and HO 2 • free radicals, and subsequent heat generation.
Conclusion
This work has shown that while keeping the same operating conditions, SCWO of N-containing aliphatic hydrocarbons can be enhanced by gradual feeding of a stoichiometric ratio of oxidant (SR = 1) over two entry ports. Furthermore, it helped shifting N-speciation towards gaseous N (N 2 and N 2 O) as opposed to liquid N. Preliminary results showed that the position of the second feed port and the split ratio of oxidant played an important role in the degree of enhancement. Thus the optimum oxidant-feeding configuration depends on the organic materials treated.
